PPARg is one of the three isoforms identified for the peroxisome proliferator-activated receptors (PPARs) and is the receptor for the thiazolidinedione class of anti-diabetic medications including pioglitazone. PPARg has been long studied for its role in adipogenesis and glucose metabolism, but the discovery of the localization in ventral tegmental area (VTA) neurons opens new vistas for a potential role in the regulation of reward processing and motivated behavior in drug addiction. Here, we demonstrate that activation of PPARg by pioglitazone reduces the motivation for heroin and attenuates its rewarding properties. These effects are associated with a marked reduction of heroin-induced increase in phosphorylation of DARPP-32 protein in the nucleus accumbens (NAc) and with a marked and selective reduction of acute heroin-induced elevation of extracellular dopamine (DA) levels in the NAc shell, as measured by in vivo microdialysis. Through ex vivo electrophysiology in acute midbrain slices, we also show that stimulation of PPARg attenuates opioidinduced excitation of VTA DA neurons via reduction of presynaptic GABA release from the rostromedial tegmental nucleus (RMTg). Consistent with this finding, site-specific microinjection of pioglitazone into the RMTg but not into the VTA reduced heroin taking. Our data illustrate that activation of PPARg may represent a new pharmacotherapeutic option for the treatment of opioid addiction.
INTRODUCTION
Opioids are prototypical addictive drugs, associated with excessive morbidity and mortality (Nutt et al, 2010) . Until the late twentieth century, heroin accounted for most of the disease burden from this drug class, but has now been surpassed by non-medical use of prescription opioids (Compton and Volkow, 2006) . In the US alone, more than four million people abuse or are addicted to prescription opioids, which cause more than 12 000 overdose deaths annually, more than those from heroin and cocaine combined. Extensive evidence supports the efficacy of maintenance treatment with the long-acting agonists methadone and buprenorphine in opioid addiction (Amato et al, 2005) , but the use of these medications is limited by their own abuse liability and the need for monitoring to maintain safety and prevent relapse. They are therefore of limited usefulness for the treatment of prescription opioid addiction in socially well-adjusted individuals. The opioid antagonist naltrexone does not have these limitations but its low patient compliance renders it less useful as a treatment (Minozzi et al, 2011) . Hence, opioid addiction and dependence largely remains an unmet medical need.
The peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptor proteins, which serve primarily to regulate gene expression through their role as ligand-activated transcription factors (Michalik et al, 2006) . Originally discovered as orphan nuclear receptors in the early 1990s, PPARs were found to be targets of a group of compounds known as peroxisome proliferators (Issemann and Green, 1990 ) because of their ability to induce the proliferation of cellular organelle peroxisomes; specifically through activation of PPARa (Lalwani et al, 1983) . Three PPAR isoforms have been identified (alpha, delta, and gamma), with each being transcribed from different genes (Berger and Moller, 2002; Michalik et al, 2006; Wahli and Michalik, 2012; Lefterova et al, 2014) . The primary function of PPARa is to act as a fatty acid sensor; it regulates lipoprotein metabolism and energy homeostasis (Berger and Moller, 2002; Michalik et al, 2006; Wahli and Michalik, 2012; Lefterova et al, 2014) . Activation of this receptor by fibrates is used in therapy to reduce plasma lipoprotein levels. Recent findings have also shown that stimulation of PPARa function significantly attenuates the addictive properties of nicotine in preclinical models (Le Foll et al, 2013) . The physiological role of the isoform PPARd is still not well understood but its localization in the brain may suggest it plays a role in the regulation of neurological functions. Finally, PPARg has long been known for its role in adipogenesis and glucose metabolism. This receptor is activated by molecules belonging to the class of thiazolidinediones such as pioglitazone and rosiglitazone, but the particular endogenous ligand for PPARg still remains elusive. Thiazolidinediones have glucose-sensitizing properties and are used in therapy to treat type 2 diabetes and insulin resistance (Kersten et al, 2000) . Recently, we have shown that the activation of PPARg by pioglitazone attenuates alcohol drinking and relapse to alcohol seeking in the rat (Stopponi et al, 2011) . Moreover, its co-administration with the classical opioid receptor antagonist naltrexone shows additive effects in preventing reinstatement of alcohol seeking in rodents (Stopponi et al, 2013) . The potential role of PPARg in the regulation of motivated behaviors and emotional control is supported by neuroanatomical data indicating relatively high levels of receptor expression in neurons of the caudate putamen, nucleus accumbens (NAc), septum, hypothalamus, and hippocampus (Moreno et al, 2004; Gofflot et al, 2007) . A more recent study also showed significant PPARg expression in the ventral tegmental area (VTA) where some co-localization with a TH-positive signal has been reported and in the arcuate nucleus and lateral hypothalamus where it co-localizes with a melanocytestimulating hormone, and proopiomelanocortin-positive cells (Sarruf et al, 2009) . Moreover, recent work indicates that activation of PPARg results in a marked inhibition of stress response in rodents, which further supports the role of this receptor in the modulation of emotional control.
Stemming from our initial work, in view of the anatomical localization of PPARg and its emerging role in various psychiatric conditions, we thought it important to investigate the significance of this receptor in drug dependence further by exploring its role in the modulation of opioid reward and abuse.
Here, we first evaluated the effect of pioglitazone in rodent models of heroin self-administration under fixed and progressive ratio schedules of reinforcement. Moreover, because PPARg is expressed in the VTA where it could potentially control dopamine (DA) neurotransmission, we sought to evaluate whether modulation of this catecholaminergic system might be involved in pioglitazone effects. For this purpose, we investigated the ability of this PPARg agonist to block heroin-induced phosphorylation of DARPP-32, a marker of DA activity in the ventral striatum and in the neocortex (Svenningsson et al, 2005) . In addition, using in vivo microdialysis technique, we evaluated the effect of pioglitazone on DA release in the NAc shell induced by acute heroin administration. Finally, using whole-cell patch-clamp recordings, we explored the possible mechanism of action of pioglitazone by studying its ability to modulate opioid-induced activation of VTA DA transmission. For this purpose, we explored the effect of pioglitazone on the rostromedial tegmental nucleus (RMTg), which corresponds to the posterior portion of the VTA, where opioid receptors are most abundantly expressed, and control mesolimbic DA transmission (Bourdy and Barrot, 2012) .
MATERIALS AND METHODS
Detailed methods are provided in Supplementary 1.
Animals and Surgeries
Male Wistar rats and mice with neuron-specific PPARg deletion using nestin cre-LoxP technology were employed for the studies.
For the intravenous self-administration studies, animals were prepared with intravenous catheters in the right jugular vein. For the intracranial surgery, the animals underwent stereotaxic surgery in which bilateral cannulae were implanted and aimed at the RMTg or at the VTA (for co-ordinates see Supplementary Information).
Drugs
Heroin and morphine were dissolved in sterile saline solution (0.9% NaCl) Pioglitazone (per OS administration) was prepared from Actos (30 mg) tablets. Pioglitazone (intracranial injections, Molcan Corp., Canada) and GW 9662 (Sigma-Aldrich, Italy) were dissolved as described in the Supplementary Materials.
Immunohistochemistry pDARPP-32 staining was adapted from a previous published studies (Randall et al, 2012; Segovia et al, 2012) . In brief, free-floating sections were incubated with a primary rabbit anti-pDARPP32(Thr34) (1 : 1000, sc-21601-R, Santa Cruz Biotechnology, CA, USA). Anti-rabbit HRP-conjugated envision plus (DAKO, Carpinteria, CA, USA) was used as a secondary antibody.
Pictures were taken on a Leica light microscope DM6000CS (Leica Microsystem Inc., Bannockburn, IL, USA) at Â 40 magnification and BioQuant imaging software (R&M Biometrics, Nashville, TN) was used for cell density analysis. Two coronal sections (two levels) containing the PFC and NAc, both left and right side, were analyzed for pDARPP-32-positive cells (coordinates: mPFC-Bregma: þ 2.70 to þ 3.70; NAcC and NAcSh-Bregma: þ 0.70 to 0.70 mm (Paxinos and Watson, 2005) . Results are depicted as the positively stained cells per square mm.
Microdialysis
Dialysate samples (10 ml) were injected into an HPLC equipped with a reverse phase column (C8 3.5 um, Waters, Milford, MA, USA) and a coulometric detector (ESA, Coulochem II, Bedford, MA) to quantify DA.
Electrophysiology
Neurons were visualized using an upright microscope with infrared illumination (Axioskop FS 2 plus, Zeiss), and whole-cell patch-clamp recordings were performed by using an Axopatch 200B amplifier (Molecular Devices, CA). DA neurons were identified based on previously described methods (Melis et al, 2013) .
Statistical Analysis
Behavioral experiments. All data were analyzed by one-or two-way analysis of variance (ANOVA) or t-test using the STATISTICA 7 software. The significance level was established at po0.05.
Immunohistochemistry. Data for pDARPP-32-positive cells are reported as mean values ± standard error. The data from each experiment were analyzed by a one-way ANOVA with a Newman-Keuls post hoc test for pairwise comparisons. For all statistical analysis, differences between control and experimental groups were considered significant if po0.05.
Microdialysis. ANOVA for repeated measures were applied to the raw data obtained from the serial assays of DA after each treatment. Results from treatments showing significant over-all changes were subjected to post hoc Tukey test; the significance level was established at po0.05. The means of three consecutive samples differing by no more than 10% were considered as basal values.
Electrophysiology. Drug-induced changes in firing rate were calculated by averaging the effects after drug administration (3 min) and normalizing to the pre-drug baseline. All the numerical data are given as mean ± SEM Data were compared and analyzed by utilizing two-way ANOVA for repeated measures (treatment Â time), or one-way ANOVA or Student's t-test for repeated measures, when appropriate. Statistical analysis was performed by means of the NCSS program. The significance level was established at po0.05.
RESULTS

Pioglitazone Attenuates Operant Heroin Self-Administration under Fixed Ratio and PR Contingencies
We first studied the effects of pioglitazone on intravenous heroin self-administration by training rats to lever press for heroin (20 mg/0.1 ml infusion) under a Fixed Ratio 1 schedule of reinforcement. Training continued until rats exhibited a stable level of responding. Rats were then divided into three groups and received pioglitazone (0, 30, and 60 mg/kg by gavage) in a between-subject design. Treatment was continued for five consecutive days; drug or vehicle were administered twice daily at 12 h and at 1 h before the daily 2 h heroin self-administration sessions. As shown in Figure 1a , pioglitazone (60 mg/kg) markedly reduced heroin self-administration throughout the treatment period (F(2,21) ¼ 4.34; po0.05). Responses at the inactive control lever were not affected by the treatment (F(2,21) ¼ 0.64; p ¼ NS). Newman-Keuls post hoc tests showed a significant effect of pioglitazone (60 mg/kg) from the first day of treatment. In a new group of rats, we then tested pioglitazone on heroin operant responding under a Progressive Ratio (PR) schedule of reinforcement where the response requirements necessary to receive a single reinforcement increased according to the following equation: [5e (injection numbers Â 0.2) ] À 5. This resulted in the following progression of response requirements: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268 , etc. The breakpoint was defined as the last ratio attained by the rat prior to a 60 min period during which a ratio was not completed. Treatments and PR were continued for five consecutive days and drug (0, 30, and 60 mg/kg) was administered twice daily at 12 h and at 1 h before the PR session. As indicated in Figure 1b , pioglitazone significantly reduced the breakpoint for heroin self-administration (F (2,21) ¼ 5.39; po0.05) at 30 (po0.05) and 60 mg/kg (po0.01) following Newman-Keuls post hoc analysis.
Altogether, these data demonstrated that the activation of PPARg resulted in the attenuation of the motivation to take heroin. This effect was selective because when pioglitazone (0 and 60 mg/kg) was tested against saccharin self-administration, it did not modify the animals' operant responding (t(7) ¼ 0.87; p ¼ NS) (Figure 1c) . Moreover, at the doses tested, pioglitazone did not affect inactive lever responding (t(7) ¼ 0.64; p ¼ NS).
The Effect of Pioglitazone on Operant Heroin Self-Administration is Blocked by Selective Antagonism at PPARc
In another experiment, to demonstrate that the effect of pioglitazone was mediated by PPARg, we investigated the effect of the selective PPARg antagonist GW 9662 (0 and 5 mg/kg) on pioglitazone (0 and 60 mg/kg)-induced inhibition of Fixed Ratio 1 heroin self-administration. Rats were divided into four groups to receive pioglitazone, GW 9662, the combination of the two drugs, or both vehicles. The animals were treated twice with pioglitazone (12 and 1 h before the test) and twice with GW 9662 (30 min before each pioglitazone injection). As expected (Figure 1d ), treatment with the PPARg agonist significantly reduced operant responding for heroin (F(3,32) ¼ 5.35; po0.01) (po0.01 after Newman-Keuls post hoc test). This effect was prevented by pre-treatment with GW 9662. The antagonist alone did not modify heroin self-administration and inactive lever responses were not affected by the treatment (F(3,32) ¼ 0.159, p ¼ NS).
Pioglitazone Reduces pDARPP-32 Expression Levels
Induced by Heroin Self-Administration in the NAc Core and Shell
Here, we evaluated the ability of systemic pioglitazone to block DARPP-32 activation induced by heroin self-administration in key reward regions such as the NAc core and shell. The medial prefrontal cortex (mPFC) was also analyzed. DARPP-32 is a biomarker of DAergic activity as it is found in DA receptor-rich neurons and is an inhibitor of protein phosphatase 1, which modulates DAergic and glutamatergic signaling. Enhancement of DARP-32 phosporylation in the NAc reflects an increased activation of D1-receptor-mediated cellular response (Nishi et al, 1997) .
Rats (n ¼ 18) were trained to self-administer heroin. Training continued until rats exhibited a stable level of responding. At this point, animals received pioglitazone (0 or 60 mg/kg by gavage) for three consecutive days following the same protocol used for the self-administration studies. On the fourth day, animals received a heroin (0.4 mg/kg ip) challenge 1 h after the last pioglitazone injection. The challenge with a fixed dose of heroin was adopted as a strategy to overcome potential confounding factors related to the inhibition of heroin intake caused by pioglitazone. One additional group of rats (N ¼ 8) was naïve to heroin and served as control rats which were then transcardially perfused and brains were removed for immunohistochemistry. Five rats were excluded from the study because brains were not perfectly fixed. Heroin challenge, after a self-administration history, induced a robust increase in pDARPP-32 protein expression in the NAcSh (Figure 2a 
Pioglitazone Attenuates Heroin-Induced Increase of Extracellular DA Levels in the NAc Shell
In this experiment, rats received pioglitazone (0, 30, or 60 mg/kg by gavage) for three consecutive days following the same protocol used for the self-administration studies. On the third day, a microdialysis probe was inserted into the NAc shell and core, a terminal region for mesolimbic DA fibers originating from the VTA. During the experimental session (fourth day), extracellular DA levels were evaluated under basal condition and following a heroin (0.4 mg/kg ip) challenge given 1 h after the last pioglitazone administration. Basal values of DA, expressed in fmoles/ 10 ml sample (mean±SEM), were: NAc shell of Veh: 37±5 Figure 3a and b, the administration of heroin elicited a significant increase of dialysate DA in the NAc shell (max about 70% over basal) but not in the NAc core. The increase of NAc shell DA induced by heroin was significantly reduced by pioglitazone (30 or 60 mg/kg; po0.05 after Tuckey's post hoc test). Importantly, pioglitazone per se did not affect DA extracellular basal levels either in the NAc shell or core (Figure 1 Supplementary Material).
Stimulation of PPARc Prevents Opioid-Induced Activation of Posterior VTA DA Neurons in Ex Vivo Electrophysiological Preparation
DA neurons recorded under current-clamp mode displayed an average frequency of 4.04 ± 0.9 Hz (n ¼ 45) and fired spontaneously in a clock-like, single-spike mode. As shown in Figure 4a , acute bath application of morphine (0.3-3 mM, 3 min for each concentration) markedly increased the spontaneous activity of VTA DA neurons in a dosedependent manner (F 4,56 ¼ 5.23, Po0.0001). Next, we examined the effect of pioglitazone (30 mM) on VTA DA neurons and then co-applied increasing concentrations (0.3-3 mM) of morphine. As shown in Figure 4b , acute application of pioglitazone (5 min) failed to prevent morphine-induced increases in firing rate (morphine 1 mM: 232.4±83.7% of basal; p ¼ 0.21, two-way ANOVA, F ¼ 1.74). However, pre-incubation of the slices with pioglitazone (30 mM) for 2 and 4 h significantly prevented morphine-induced excitation of VTA DA neurons (2 h: p ¼ 0.02, F ¼ 7.19, two-way ANOVA, n ¼ 7; 4 h: p ¼ 0.01, F ¼ 9.15, two-way ANOVA, n ¼ 8). In addition, as shown in Figure 4c , pioglitazone (3, 10, and 30 mM, 2 h) dosedependently prevented morphine-induced excitation of DA neurons (177.3 and 125.7% of baseline at 10 and 30 mM, respectively; 10 mM: t ¼ 1.78, p ¼ 0.05, n ¼ 6; 30 mM: t ¼ 2.25, p ¼ 0.02, n ¼ 7). The concentration of morphine against which pioglitazone was tested was 1 mM, which produced about 400% increase of spontaneous firing rate of VTA DA neurons in slices from naïve rats (Figure 4a-c) .
On the basis of these results, we expected that the PPARg antagonist GW9662 would block the actions of pioglitazone on morphine-induced excitation. As predicted, when pioglitazone was co-applied with GW9662 (500 nM, 15 min before 2 h pioglitazone incubation), morphine (1 mM) effect was fully restored (359 ± 97.7% of basal vs control; p ¼ 0.03, t-test ¼ 2.49, n ¼ 5) (Figure 4d) . Notably, GW9662 (500 nM, 2 h incubation) per se did not modify the basal spontaneous activity (t-test: p ¼ 0.29 and 0.30 vs control and GW þ Piotreated cells, respectively; n ¼ 7) nor did it modify the morphine-induced excitation of firing rate of VTA DA cells (311.8 ± 57.1% of basal vs control: p ¼ 0.66, F 1,140 ¼ 0.20, two-way ANOVA; vs GW þ Pio30: p ¼ 0.27, F 1,126 ¼ 1.36, two-way ANOVA). To confirm the lack of tonic physiological influence of PPARg on VTA DA activity, we used neuron-specific conditional PPARg-deficient mice generated by crossing mice carrying floxed PPARg allele (TgH(PPARg lox)1Mgn, TgH(PPARg del)2Mgn) with Nestin-Cre mice (B6.Cg-Tg(Nes-cre)1Kln/J) as earlier described (Jones et al, 2002; Sarruf et al, 2009 ) (see also Methods section). In response to morphine (0.3-3 mM), PPARg NAc core, and (c) PFC. Animals (n ¼ 18) have been trained to self-administer heroin and then divided into two groups and treated with pioglitazone or its vehicle for 3 days before to receive a heroin shot (Her SA/veh/Her shot and Her SA/Pio/Her shot). One more group of rats (n ¼ 8) with no history of heroin SA, no Pioglitazone, and no heroin shot has been used as control (veh/veh/veh). Pictures represent p-DARPP-32 immunohistochemistry following heroin self-administration. Scale bar, 100 mm.
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.68, two-way ANOVA; Figure 4e ). This evidence suggests that genetic deletion of PPARg in neurons led to results similar to those observed with the PPARg antagonist GW9662.
PPARc Agonism Attenuates Opioid-Induced Simulation of VTA DA Neurotransmission through Modulation of GABAergic Neurons of the RMTg
Consistent with the literature (Lecca et al, 2012) , acute bath application of morphine at a concentration of 1 mM (for 3 min) significantly reduced IPSCs evoked by RMTg stimulation by 40.8 ± 4.3% (n ¼ 7; F 19,108 ¼ 9.03; Po0.0001, Figure 5a ), which was accompanied by an increased paired-pulse ratio (from IPSC2/IPSC1 ¼ 1.02±0.06 to IPSC2/IPSC1 ¼ 1.53±0.11; n ¼ 7, p ¼ 0.0015, paired t-test, Figure 5b ). Further analysis of the CV2 and evoked IPSCs caused by morphine (Figure 4c ) are indicative of a presynaptic locus for these modifications, consistent with previous reports on the effects of m-opioid receptor stimulation of RMTg fibers (Matsui and Williams, 2011; Lecca et al, 2012) . The effects of morphine were fully abolished in slices previously incubated with pioglitazone (30 mM, 2 h); hence, morphine failed to reduce gamma-aminobutyric acid (GABA A )-mediated IPSCs (106.8±16.3% of basal; n ¼ 6; F 19,143 ¼ 6.78; p ¼ 0.02 Figure 4d ), and to modify the paired-pulse ratio (from IPSC2/IPSC1 ¼ 1.3±0.4 to IPSC2/IPSC1 ¼ 1.1±0.31; n ¼ 6, p ¼ 0.28, paired t-test).
PPARc are Expressed in the GABAergic Region of the VTA
As already reported (Sarruf et al, 2009 ), PPARg-specific staining was observed in numerous and spared cells of several areas of both rat and mouse brain. PPARg-immunopositive reaction was detected throughout (from rostral to tail) the VTA (Figure 3a , Supplementary Material). Consistent with the notion that PPARg is a transcription factor, PPARg immunoreactivity was detected into cell nuclei (Figure 3b , Supplementary Material) that, however, showed different size, shape, and intensity of staining. At immunohistochemistry, PPARg-positive cell nuclei were not observed in the brain of PPARg knockout mice (Figure 3c , Supplementary Material). In the VTA (Figure 4 , Supplementary Material), PPARg immunoreactivity was preferentially observed in the GABAergic region of this structure including the RMTg; however, double labeling experiments revealed that these PPARg-positive cells were not GAD67-positive GABAergic neurons. The scattered distribution of PPARg-positive cells, among GABA-positive cell bodies and fibers suggest the possibility of a paracrine regulation of GABA neurotransmission by PPARg.
Pioglitazone Attenuates Operant Heroin SelfAdministration following Site-Specific Microinjection into the RMTg, but not into the VTA To confirm the mechanism of action, rats trained to selfadminister heroin on an Fixed Ratio 1 schedule were bilaterally implanted with intracranial cannulas for sitespecific injection into RMTg or into the VTA. In a withinsubject design experiment, rats received pioglitazone (0 and 5 mg/0.6 ml) 12 and 1 h before the test sessions. As shown in Figure 6a , b, rats treated with pioglitazone into the RMTg significantly reduced their intake of heroin compared with vehicle-treated controls (t(17) ¼ 2.495; po0.05) whereas, as shown in Figure 5c, Pioglitazone attenuates opioid addiction G de Guglielmo et al revealed incorrect cannula placements in nine rats. Data from these rats were not included in the statistical analysis.
DISCUSSION
We showed that activation of PPARg by pioglitazone, at the dose of 60 mg/kg, markedly reduced heroin self-administration throughout the treatment period. When pioglitazone administration was discontinued, heroin self-administration returned to baseline level. We also evaluated the effect of pioglitazone on heroin operant responding under a PR schedule of reinforcement. This model is highly useful for the study of positive reinforcement and is predictive of the efficacy of medication to attenuate the reinforcing effects of drug of abuse (Katz and Goldberg, 1988) . Under this operant contingency, the rats showed a high self-administration breakpoint reflecting their strong motivation to take heroin. Pioglitazone significantly reduced it at both doses tested. Importantly, pioglitazone failed to alter saccharin self-administration, indicating that its effect is specific for heroin and does not depend upon alteration of animals' motor performances or general inhibition of motivated behavior. To confirm that the effect of pioglitazone was mediated by selective activation of PPARg, we pretreated the rats with the selective receptor antagonist GW 9662 that, as expected, fully reversed its effects on heroin. The antagonist alone did not modify heroin selfadministration.
The mesolimbic DA system that projects from the VTA to the NAc plays a major role in mediating the motivational properties of drugs of abuse (Fibiger et al, 1987; Di Chiara, 1995; Wise, 1996; Nestler, 2005; Luscher and Malenka, 2011) . Substantial evidence from both human and animal studies demonstrates that abused drugs increase DA transmission in the VTA/NAc pathway (Di Chiara and Imperato, 1988; Schultz, 2002; Volkow et al, 2007) . A postsynaptic marker of DAergic activity is found in DA receptor-rich neurons especially in the NAc, the caudate putamen, and the prefrontal cortex is DARPP-32 (Ouimet et al, 1984) . The inhibition of protein phosphatase-1 activity that occurs following phosphorylation of DARPP-32 at Thr34 promotes the phosphorylation of downstream target proteins, thereby amplifying responses mediated by the activation of DA D1 receptors (Fienberg et al, 1998) . Enhancement of DARPP-32 phosphorylation has been proposed as a common mechanism, shared by all drugs of abuse including opioids, and is supposed to reflect not only their ability to activate DAergic signaling pathways but also their addictive potential (Svenningsson et al, 2005; Zachariou et al, 2006; Mahajan et al, 2009) . Moreover, it has been suggested that the inhibition of Darpp-32 signaling pathways may represent a therapeutic strategy to treat opioid addiction (Mahajan et al, 2009 ). On the basis of these considerations together with the recent demonstration of PPARg expression in the VTA (Sarruf et al, 2009) , we hypothesized that pioglitazone effects on heroin selfadministration might have been linked to the ability of this drug to inhibit DARPP-32 phosphorylation pathways via the reduction of mesolimbic DAergic transmission.
To explore this possibility, we evaluated the effect of subchronic pioglitazone on the expression of pDARPP-32 in the NAc core and shell and in the mPFC in rats subjected to the same operant heroin self-administration training described above. As expected, heroin treatment significantly enhanced pDARPP-32 levels in the NAc core and shell, whereas protein expression remained at baseline levels in the mPFC. Notably, pretreatment with pioglitazone at the same dose that reduced heroin self-administration in previous experiments completely blocked this effect of the opioid agonist both in the NAc core and shell. At this point, to confirm at mechanistic level that the effect of pioglitazone on DARPP-32 was due to its capacity to attenuate mesolimbic DA transmission, we evaluated by in vivo microdialysis whether the activation of PPARg attenuates the ability of heroin to increase extracellular DA in the NAc. Extracellular DA levels were evaluated under basal conditions and following a challenge with the same dose of heroin (0.4 mg/kg ip) that was effective in enhancing pDARPP-32 levels in rats with a history of opioid self-administration. As non-contingent heroin administration preferentially increases dialysate DA in the NAc shell as compared with the core, the two subregions were studied separately (Tanda et al, 1997) . We found that chronic treatment with pioglitazone is effective in reducing heroin-induced increase of extracellular DA in the NAc shell. Importantly, we showed that oral injection of pioglitazone, at the doses of 30 and 60 mg/kg, did not alter DA extracellular levels in the NAc shell per se. DA levels in the NAc core were neither affected by the heroin challenge nor by pioglitazone administration. In summary, these data confirm that the inhibition of mesolimbic DA transmission following pioglitazone occurs and this could be the reason why it prevented the effects of heroin on DARPP-32 phosphorylation. An important difference between immunohistochemistry and neurochemical data is that in the former, DARPP-32 activation was observed in both the NAc core and shell, whereas in the microdialysis, the increase in DA release was found only in the shell. However, as it has been previously shown, acute administration of drugs of abuse enhances extracellular DA levels only in the NAc shell, whereas following protracted exposure to drugs, the NAc core is progressively recruited and DA neurotransmission is enhanced also in this region (Lecca et al, 2007) . Here, DARPP-32 expression was measured in rats with a history of heroin self-administration whereas microdialysis was carried out under acute condition in naive rats; hence, our findings are perfectly consistent with the current literature and support the role of mesolimbic neurotransmission in the regulation of pioglitazone effects on heroin.
In the VTA, m-opioid receptors are largely expressed in presynaptic GABA neurons. The activation of opioid receptors leads to strong inhibition of GABA neurons and disinhibition of DA cells (Johnson and North, 1992; Chieng and Christie, 1994; Bonci and Williams, 1996; Jalabert et al, 2011; Lecca et al, 2012; Meye et al, 2012) and this represents the canonical mechanism through which opioids modulate mesolimbic DA transmission and reward. Thus, the question we asked next was whether pioglitazone's effect on acute heroin administration was dependent upon a role of PPARg in modulating DA neuronal activity in the VTA. To answer this question, we tested the effect of pioglitazone on morphine (the active metabolite of heroin in the brain)-induced stimulation of DA cell firing from acute brain slices containing the VTA by using whole-cell patch-clamp recordings. In accordance with the literature, we found that the spontaneous activity of VTA DA neurons was increased after acute bath application of morphine; this effect was prevented on preincubating the brain slices with pioglitazone. As we expected, the selective PPARg antagonist, GW9662, blocked the actions of pioglitazone on morphine-induced excitation. We then asked whether PPARg has a tonic physiological role in the regulation of VTA DA neurotransmission. To answer this question, we recorded from VTA slices of neuron-specific PPARg KO mice. Notably, compared with wild-type controls, we did not observe differences in the morphine-induced activation of VTA DA neurotransmission in these animals. However, in PPARg KO mice, pioglitazone failed to block morphine effect on VTA DA cells further confirming that drug effect is specifically mediated by this receptor type.
At this point, using confocal microscopy combined with TH, GAD67, and PPARg triple immunostaining, we decided to explore at morphological level the distribution of PPARg in the VTA. Results showed that immunopositive cell for to PPARg were preferentially observed in the GABAergic region of the VTA where they were identified in close proximity of GABAergic terminal and cell bodies.
GABAergic afferents onto VTA DA neurons can be distinguished into two distinct subpopulations, ie, intrinsic and extrinsic to the VTA. The first consists of small interneurons forming local circuitry with DA cells (Garzon and Pickel, 2001; Margolis et al, 2012) . The second is composed of extrinsic afferents among which those originating from the RMTg play a crucial role not only in controlling the firing of DA cells, but also in mediating some of the effects of drugs of abuse (Lecca et al, 2012) . Both afferents have been linked to the effects of opioids on VTA DA; however, recent evidence strongly points to the extrinsic circuitry as the one playing a major role (Jalabert et al, 2011; Matsui and Williams, 2011; Lecca et al, 2012; Hjelmstad et al, 2013) . RMTg GABA neurons express mopioid receptors whose stimulation results in a marked inhibition of GABAergic activity and subsequent disinhibition of VTA DA cell activity (Lecca et al, 2011; Matsui and Williams, 2011; Lecca et al, 2012) . We therefore decided to test whether pioglitazone would affect the morphineinduced inhibition of RMTg-evoked GABA A -IPSCs recorded from VTA DA cells. The application of morphine significantly reduced IPSCs evoked by RMTg stimulation and this effect could be prevented through incubation of the slices with pioglitazone. This mechanism was then confirmed in rats trained to self-administer heroin in which operant responding was significantly attenuated by sitespecific microinjection of pioglitazone into the RMTg but not into rostral portion of the VTA.
On the basis of their mechanism of actions, drugs of abuse can be divided into two major classes. On the one hand, there are the psychostimulants that enhance mesolimbic DA transmission by acting directly in the NAc where they facilitate DA release or decrease DA re-uptake. On the other hand, there are opioids, alcohol, nicotine, and to some extent cannabinoids, that by inhibiting GABAergic inhibitory transmission in the VTA-RMTg region facilitate the disinhibition of mesolimbic DA circuitry thus enhancing extracellular DA levels in the NAc (Luscher and Ungless, 2006) . Considering the mechanism of action PPARg, we speculate that the therapeutic potential of agonists like pioglitazone should be particularly important for this latter group of addictive agents.
In summary, our results demonstrate that the activation of PPARg may represent a promising approach for the treatment of opioids dependence. At present, the most effective medications in opioid addiction are based on methadone and buprenorphine. However, the abuse liability potential of these compounds severely limits their clinical application such that in practice it is almost exclusively restricted to long-term heroin addicts. Extremely problematic remains, instead, the possibility to use these pharmacological remedies in prescription opioid or early stage heroin abusers, which represent a growing patient population. Our data indicate that centrally active PPARg agonists hold the promise to fill this need. The PPARg agonist pioglitazone has been in clinical use for several years in the treatment of type 2 diabetes and its tolerability has been largely demonstrated. The ability of pioglitazone to attenuate the addictive properties of heroin opens the prospect for immediate clinical investigation to determine its efficacy in humans.
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